A Chromium (Cr) containing TiAl intermetallic has been consolidated by Hot Isostatic Pressing (HIP) process using high purity TiAl pre-alloyed powder as original material. Cr has been selected as an element which improves high temperature mechanical properties of HIPed TiAl intermetallic compound. Cr additions in TiAl powder were changed systematically and microstructure and mechanical properties at elevated temperatures were examined. This study determined the densification behavior of Cr containing TiAl intermetallic powder during HIP process conducted at 1273 K under the pressure of 200 MPa. Microstructure of consolidated TiAl + xCr as well as high temperature mechanical properties are presented. Improvement of high temperature tensile strength of as-HIPed TiAl compound was achieved by the effect of Cr particles dispersion and reactive zone formation between Cr particles and TiAl matrix. From these results, it was concluded that tensile strength of HIPed TiAl-5Cr becomes 1.2-1.5 times high than that of HIPed and MIMed TiAl and machinability of TiAl at R.T. also was improved by high elongation of HIPing and Cr addition.
Introduction
TiAl is potentially a high temperature structure material for vaccum chamber of fusion reactors due to low activity, high specific strength, good resistance to void swelling and compatibility with coolants, [1] [2] [3] [4] [5] and nominated as candidate materials for fusion reactor plants. [6] [7] [8] On the other hand these materials are expected for aerospace plane and a good candidate to replace the conventional titanium alloys and nickelbased super alloys currently employed in gas turbine engines. 9) Recent research efforts have focused on improvement of room temperature ductility and high temperature strength by ternary alloying with Mn, V, Zr 9) and Nb. Adding the betaphase stabilizing elements such as Nb, Ta and V resulted in an adequate ductility even at low temperature. 10) Cr and V are believed to be effective in enhancing high temperature mechanical properties of TiAl intermetallics, however, their effect on high temperature strength and ductility has been investigated to a limited extent.
HIPing technique has the advantage in achieving small grain size and the solid solubility of the ternary element could be increased. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The process of hot isostatic pressing can also contribute to the improvement of ductility and mechanical properties of intermetallic materials.
The purpose of this research was to investigate high temperature mechanical properties of TiAl intermetallics produced by HIPing process. Effects of chromium addition and multi-step HIPing process on the ductility, mechanical properties and microstructures of consolidated materials were discussed.
Experimental Procedures
The materials used in the present study were TiAl intermetallic pre-alloyed powder and chromium powder. The mix- * Research Center, Institute of Energy Materials(IWE 2) Jülich, Germany.
ture of Cr powder in TiAl powder are listed in Table 1 . The contents of Cr powder are changed from 0 to 25 mass% by 5% step so that 6 compositions are prepared. TiAl powder (grain size < 38 µm) is supplied by X form Co., Ltd. (U.S.A.). Coarse Cr powder (grain size > 0.15 mm), produced by MERK Co., Ltd. (Germany) are mechanically alloyed before mixing with TiAl powder.
The analyzed chemical composition and impurity levels of the TiAl powder are listed in Table 2 . Particle size and size distribution of the powder was analyzed by the laser technique.
Powder particles were filled in stainless steel can (14 mm in diameter, 2 mm thick, 20 mm long) or in 600 mm long stainless steel tubes (14 mm in diameter and 2 mm thickness). They were consolidated by HIP equipments. The encapsulated tubes are evacuated and pre-heated prior to HIP at 673 K for 6 h.
Two series of consolidation were performed at the maximum temperature of 1273 K and 1473 K under maximum pressure of 200 MPa to determine the best conditions for HIP of these intermetallics. Time schedules of these HIPing process are shown in Figs. 1(a) and (b). Heating and pressing rates are controlled at 0.25 K/s and 0.06 MPa/s, respectively.
Three patterns of multi-step HIP consolidation experiment Table 2 Chemical composition and Impurity level of TiAl powder. A HIP dilatometer technique 19) was employed to measure the densification behavior of these intermetallics as a function of time. Relative densities of the as-HIPed materials were determined by Archimedes' measuring technique. Samples of about 20 g taken from the consolidated materials were used. Microstructures of the consolidated intermetallics were studied by optical microscopy and energy dispersive spectroscopy (EDS) was employed to clarify the phase distribution in the materials. Specimens were prepared by mechanical polishing and chemical etching.
Mechanical properties of the as-HIPed TiAl + xCr after HIPing with 200 MPa at 1273 K were investigated. Vickers hardness measurements were made on polished surface of the specimens.
Tensile tests were performed at elevated temperatures using Instron type testing machine under controlled crosshead speed. Strain rate was 3 × 10 −4 s −1 . Tensile specimens were machined into cylindrical test pieces as shown in Fig. 3 whose gauge length and diameter were 30 mm and 6 mm, respectively. 
Results and Discussion

Consolidation of TiAl + xCr powder by HIP
The consolidation of TiAl powder by HIP technique is sensitive to temperature changes. The alloy HIPed at 1273 K showed nearly-full relative density (about 99.9%). The materials HIPed at 1473 K reacted with capsule material due to the reaction between titanium and iron at 1358 K, 20) as shown in Fig. 4(a) . It can be suggested that HIP temperature of 1273 K (not 1473 K) is suitable for full densification.
In multi-step HIPing process, as shown in Figs. 2(a) -(c), the maximum temperature in the second HIPing process of pattern B and C are set as low as 1073 K, to avoid grain coarsening. Microstructure of the as-HIPed TiAl after HIP patterns A, B and C are shown in Figs. 5(a)-(c) . Fine and homogeneous structure containing Ti colonies are observed. Grain refinement in these materials were achieved by HIPed in three different patterns. Vickers hardness tests of these materials HIPed in different processes revealed that multi-step HIPing processes, A, B and C resulted in obvious changes in mean microhardness of 330, 310 and 300 HV, respectively. The HIPed material is harder than the materials HIPed in multisteps, and the hardness becomes smaller as the HIPing pressure of secondary process increases. These results suggest that the second processing performed at lower temperatures and under higher pressure can improves low hardness and good machinability of HIPed materials.
Densification behavior of Cr containing TiAl powder was measured using dilatometer. Figure 6 shows the densification process of the materials with 0, 10, 20 mass%Cr HIPed at 1273 K under the pressure of 200 MPa as a function of the HIPing time. When the density is normalized by theoretical density of TiAl + xCr, it is clear that the densification rate of the material with Cr addition in early stage of the HIPing up to 0.7 increases with Cr additions, though their starting density of Cr containing powder is lower. This indicated that the densification process is enhanced by addition of Cr particles.
Microstructural characterization of the as-HIPed
TiAl + xCr materials Microstructures of the as-HIPed TiAl + xCr are complicated because TiAl powder in this experiment consists of metastable phase with ordered structure and free Ti colony with dispersive Cr particles.
The microstructure of as-HIPed TiAl + xCr is shown in Figs. 7 and 8 . Cr concentration, x ranged from 0 to 25 mass%. Figures 7(a) -(f) are low magnification optical micrographs which provide a general view of the microstructure at different Cr contents. Microstructures are homogeneous with finegrained structure (mean grain size < 35 µm). Cr particles are found to be surrounded by TiAl-Cr reaction layer of about 10 µm thickness, especially in high Cr content, as shown in Fig. 8 , and it is found with EDS analysis that this layer consists of Ti : Al : Cr = 1 : 1 : 1. The microstructure of the materials containing less than 5 mass%Cr showed no such Cr particles or reaction layer. It can be seen that each particle of TiAl and Cr retains its own identity and characteristic microstructure even after HIPing.
Mechanical properties
To make tensile specimens, HIPed bars are machined by turning lathe with diamond tool. During machining, there are much of powder-like chip, as shown in Fig. 3 . As-HIPed materials except 0 and 5 mass%Cr materials had cracks at gauge section or screw part of the tensile specimen. So that there are only two compositions from which tensile specimens can be taken, that is, 0 and 5 mass%Cr materials.
Vickers hardness of these materials becomes higher as Cr content increases, as shown in Fig. 9 . It can be noted that the materials with Vickers hardness smaller than about HV 400 show good machinability. Softer materials than about HV 400 can be easily machined into a complex shape such as tensile specimens in the present study. Figure 10 shows tensile stress-strain curves of as-HIPed TiAl with 5 mass%Cr materials tested at temperatures from R.T. to 1073 K. It is seen that tensile strength of this ma- terial is about 340-380 MPa from R.T. up to 873 K. Above 873 K strength decreases whereas total elongation increases as testing temperature increases. Tensile strength of TiAl and TiAl + 5Cr materials are plotted in Fig. 11 as a function of testing temperature. The strength of HIPed TiAl + 5Cr becomes higher than that of HIPed TiAl or MIMed (= Metal power Injection Molding) TiAl 21) by the factor of 1.2-1.5 at temperature ranging from R.T. to 850 K.
From these results, it is concluded that the strength of ordinary or MIMed TiAl can be improved by HIPing and Cr addition.
Total elongation of those materials is shown in Fig. 12 as a function of testing temperature. Total elongation of HIPed TiAl + 5Cr is bigger than that of HIPed and MIMed TiAl, especially at R.T. by the factor of 3-7. This means that high elongation behavior at R.T. improve machinability of the material above-mentioned, and machinability of HIPed TiAl + 5Cr is superior to that of ordinary TiAl and MIMed TiAl.
Strength enhancement and elongation improvement with Cr additions at high temperature is mainly due to the strengthening effect of dispersed Cr particles and its reacted zone on TiAl matrix.
Conclusions
The present study concerns the effect of HIP process and Cr addition on the mechanical properties of consolidated TiAl powder.
It is found that varying temperature of HIP process results in significant effect on consolidation of Cr containing TiAl powder. Near-full relative density was achieved for all the HIPed materials at the applied pressure and the temperature of 200 MPa and 1273 K, respectively.
Multi-step HIPing process can contribute to softening asHIPed TiAl materials. The development of new microstructure, such as microstructure and dispersed Cr particles with reaction zone, associated with HIPing process will be experienced to a certain degree but not completely accomplished.
Machinability of materials containing high Cr were very poor, except as-HIPed TiAl + xCr materials with less than 5 mass%Cr contents. The hardness of materials increased with increasing Cr concentration. Improvement in high temperature strength of TiAl compounds was achieved with dispersed Cr particles and its surrounding reactive zone between TiAl matrix without degradation of ductility. 
